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Recent advances in optical atomic clocks and optical time transfer have enabled new possibilities in precision 

metrology for both tests of fundamental physics and timing applications. Space offers both the potential to vary 

significantly the gravitational potential in which experiments operate and a microgravity environment free from local 

earth fluctuations. As a result, spaceborne optical clock tests of fundamental physics could achieve sensitivities four 

(or more) orders of magnitude beyond those of current tests of relativity. Additional fundamental test opportunities 

include enhanced searches for dark matter and drifts in fundamental constants.  

 

Introduction 

 

Atomic clocks have a long history of serving as one of the most sensitive means for testing the 

fundamental theories of physics. Many of the most stringent limits on possible deviations from our 

standard theories have been set through clock comparisons, on earth and in space. Here we describe 

how recent breakthroughs in time transfer and atomic clock performance have enabled new 

opportunities for spaceborne clock missions to test fundamental physics with orders of magnitude 

more precision than was possible even a few years ago. Indeed, such missions may be one of the 

most promising avenues we have for discovering new physics. 

Advances in Time Metrology – Beyond the 18th Digit 

Time is an omnipresent concept in modern society and plays a central role in the foundations of 

physics and our understanding of the cosmos. Atomic clocks keep international time and their 

quantum measurements are, by orders of magnitude, the most accurate measurements of any 

physical observable. Figure 1 shows the dramatic improvement of the accuracy of atomic clocks 

over the last 20 years, far faster than in the last half of the 20th century. This extremely rapid 

improvement of clocks at optical frequencies resulted from advancements in the manipulation of 

atomic quantum systems, as well as advanced techniques in laser cooling/trapping and the 

development of fs-laser frequency combs in 2000, which enabled the reliable counting of the ticks 

of the cycles of laser light at 1015 cycles per second 1–3. The most accurate versions of these optical 

clocks use trapped quantum absorbers (either ions or lattice-confined neutral atoms) and now have 

fractional frequency uncertainties approaching or exceeding 1 part in 1018 4–9, which enable 

transformational advances in a variety of tests of fundamental physics, including searches for dark 

matter 10, violation of Lorentz invariance 3, and possible variation of fundamental constants 11, as 

well as stringent tests of general relativity 9.  Future atomic clocks are also proposed for 
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gravitational wave detection 12,13. Indeed, with no foreseeable barriers to continued improvement 

along the recent trend in Figure 1, clock accuracies could reach 10−19 in 2027, 10-20 by 2034, and 

10−21 in two decades, at which point gravitational waves could be directly observed in the tick rates 

of individual clocks.   

Figure 1.  Historical accuracy of atomic clocks.  Since 2000, the uncertainty of optical atomic standards 

have rapidly improved to, and beyond, 1 part in 1018. 

In general relativity (GR), the tick rate of time is no longer universal, but slows in the presence of 

massive bodies. As a result, further advances in clock accuracies and stabilities will soon surpass 

the instability of time itself on the surface of earth due to gravitational fluctuations, for example, 

from tides and noise. A straightforward solution is to locate one or more clocks in orbits around 

the Earth, thereby avoiding Earth’s tidal motion/gravitational noise and reducing the sensitivity to 

Earth’s gravity for middle-Earth and high Earth orbits. An orbiting platform as such could provide 

a low-noise environment that could enable atomic clocks to perform at the nineteenth digit and 

beyond.  As a result, anticipated improvements in clock performance could be realized for a variety 

of applications, including dramatically advancing aforementioned tests of fundamental physics. 

These motivations have led to a number of international projects on orbiting clocks. A laser-cooled 

microwave clock, CACES, is currently orbiting on the Chinese space station 14, and the ESA 

project ACES with a cold atom clock is scheduled to launch in the coming year. For over a decade 

ESA has also been developing optical clocks for space as part of their ISOC program 15, and the 

Chinese Space Agency aims to demonstrate an optical lattice clock in orbit on their next generation 

space station. These missions, however, were proposed before recent breakthroughs in time 

transfer that would have supported the inclusion of the highest performing clocks. Recent 

demonstrations of free space optical time transfer have exhibited stability at or beyond that of the 
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highest performing optical clocks over distances beyond ten kilometers through turbulent air, 

involving both stationary and slowly moving receivers. These two-way techniques should be 

scalable over longer distances with fast moving vehicles, thus opening the door to space-based 

clock comparisons at the 10-18 level or below. As a result, future space-clock missions could serve 

as ultra-sensitive space-time probes for testing fundamental physics, with uncertainties reduced 

orders-of-magnitude beyond current limits. 

Testing Fundamental Physics with Atomic Clocks  

To understand the significance of these new opportunities, let’s briefly consider the current state 

of fundamental physics tests. The Standard Model and General Relativity describe a vast array of 

physical phenomena and have essentially passed every precision test to date (with a few reported 

anomalies, e.g. results from the muon g-2 collaboration16). However, these theories cannot coexist 

in their present form to provide a quantum description of gravity and are unable to account for key 

phenomena such as dark energy, dark matter, the matter/anti-matter imbalance, and the unique 

direction of time. Indeed, arguably the most significant problems facing physics today are 

connected to these conundrums. Thus, there is a strong motivation to find new theories or extend 

existing ones to address these gaps. However, such extensions have thus far proven elusive. New 

physics can appear either at extremely high energy scales (energy frontier), where new particles 

can appear as distinct resonances, or at low energies where the colliders are blind to new physics 

with feeble couplings to standard particles due to background rejection (high precision frontier) 17.  

At low energies, the competing “new physics” theories have indicated possible places where the 

Standard Model of particle physics might fail, including the three components of the Einstein 

Equivalence Principle (EEP): (1) weak equivalence principle (WEP) and, therefore, universality 

of free fall, local Lorentz invariance (LLI), and the local position invariance (LPI) 18. As a result, 

over the past decades there has been a notable increase in proposed and experimental tests of these 

basic theories that look for new physics or gaps in our existing physics 17,19. Many of these tests 

are based on time/frequency metrology, which is a direct consequence of the capability to measure 

time nearly a billion times more precisely than other base SI units. Consequently, atomic clocks 

are presently one of the tools of choice to pursue more stringent tests of fundamental theories. 

As just one example, we show in Figure 2 the measurement history of one of the classic tests of 

fundamental physics, the gravitational redshift, which is a direct consequence of Local Position 

Invariance of EEP [see 9 and references therein]. For a difference in gravitational potential, ∆𝑈, , 

in  
Δ𝜈

𝜈
= (1 + 𝛼)

Δ𝑈

𝑐2  , represents a measure of the deviation of a given fractional frequency 

measurement () from the predictions of GR. Bounds on  have been tightened through the 

years with ground- and space-based measurements. We note from Figure 2 that the high precision 

atomic clock measurements provide more stringent constraints on the gravitational redshift than 

astrophysical measurements (black triangles), even though they are performed in the relatively 

weak gravity field of Earth. (In fact, the redshift measurements of stars may be more useful in 

determining the mass of the star by taking advantage of the low uncertainty from the clock 

measurements of the red shift 20.) We note also that since the initial tower-based measurement in 

1960 21, tighter constraints have come via experiments that put clocks in a space environment 22–

24. But perhaps the most significant takeaway from Figure 2 is that, because such experiments are 
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difficult and expensive, the overall progress in the reduction of the constraints on  has been 

relatively slow, with less than a factor of 10 improvement over 40 years. For comparison, Figure 

1 shows the reduction of atomic clock uncertainties by a factor of almost a million over a similar 

period.  

Figure 2:  Constraints on the gravitational redshift parameter  over the past six decades.  Green circles 

represent Earth-based measurements, blue squares represent space-based measurements, black triangles 

represent astronomical measurements, and red squares represent projected sensitivity for the ISS-based 

ACES mission and for a mission based on state-of-the-art clocks and links as described in this paper. 

Combining the recent rapid advances of optical clocks with a large change in gravitational potential 

enables a dramatically improved test of General Relativity, with a projected constraint on the redshift near 

10-9. 

Given that the sensitivities of many fundamental tests, such as the redshift, are proportional to the 

clock precision, we now have a golden opportunity: by strategically locating 10-18 clocks in space, 

we can leverage this new level of clock performance via the new time-transfer links to enable new 

tests of GR and the Standard Model with a leap in sensitivity, thereby significantly tightening 

constraints on key parameters. For the example of the gravitational redshift, we project that a 10-

18 clock in an elliptical orbit (with a perigee of ~ 5000 km and an apogee of 23,000 km) could 

tighten the constraint on alpha by more than a factor of 10,000. (A proposed mission25 based on 

this concept, termed Fundamental physics with an Optical Clock Orbiting in Space, is described 

in more detail in a Mission Campaign White Paper; another concept proposes using two clocks in 

different orbits26). Many of these parameter constraints are connected to Planck scale physics, and 

possibly new fields and forces, complementary to those explored by high energy accelerator 

physics and astrophysics observatories. Precision measurements enabled by clocks and frequency 
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control can quantify the yet unconstrained parameters space of possible new physics, thereby 

providing perhaps the best prospects to elucidate science mysteries and discover new physics. 
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